Abstract Rapidly solidified ribbons of Cu-Ga-Mg-Ti and Cu-Al-Mg-Ti alloys show the formation of c-brass type phase, which is an approximant of quasicrystals. The Cu-Ga-Mg-Ti alloy displays ordered c-brass structure, whereas Cu-Al-Mg-Ti leads to the formation of amorphous and nanocrystalline disordered bcc c-brass phase.
Introduction
There has been continuous upsurge in the field of quaternary and ternary Cu-based quasicrystalline alloys after the successful discovery of icosahedral phase in Cu-Ga-MgSc alloy [1, 2] . The Cu-Ga-Mg-Sc stable icosahedral quasicrystal was derived from the Zn-Mg-Sc alloy system by replacing Zn with Cu and Ga [2] . Another alloy system of recent interest is an approximant to quasicrystals, i.e., the c-brass phase, which is often observed at compositions close to that of quasicrystalline phase [3] . We have reported the formation of c-brass phase in Cu 50 Ga 30 Mg 5 Ti 15 and Cu 50 Al 30 Mg 5 Ti 15 alloys recently [4] . Although the crystal structure of c-brass is fairly well understood, the mechanical behavior of this alloy has not yet been explored. Compared to other systems, Cu-based alloys have been attracting considerable attention due to their improved mechanical properties such as high strength, high hardness, high elastic modulus, and good corrosion resistance [5] [6] [7] [8] . Therefore, recent studies have been taken up from the perspective of mechanical behavior. The Cubased fine-structured composite with nanometer-sized grains of crystalline phases show high strength and hardness [5, [9] [10] [11] . Nanostructured materials offer new opportunities to extend our understanding of the structureproperty relationship in solid materials down to the nanometer regime; they are expected to possess novel properties [12] [13] [14] . The recent emphasis on nanostructured materials has added a new dimension to the studies of their indentation behavior [15, 16] . The indentation size effect and shear band formation under compression are able to throw light on the mechanical behavior of materials where large samples are not available for conducting conventional tests. Indentation studies of small-sized samples may help us to understand their fracture behavior. Since the major element of the alloys is Cu, the alloys are environmentally more friendly and cost-effective.
The aim of the present study is to investigate the microindentation behavior of rapidly quenched Cu 50 Ga 30  Mg 5 Ti 15 and Cu 50 Al 30 Mg 5 Ti 15 alloys. Such an investigation has been undertaken to develop understanding of the structure-property correlations in these alloys.
Experimental Details
High purity Cu, Ga, Al, Mg, and Ti were used for the preparation of alloy ingots of compositions Cu 50 Ga 30 15 by melting the elements in the desired ratios in a silica crucible using an RF induction furnace. These alloys were then melt spun onto a Cu-wheel rotating at a speed of 25 m/s in a flowing Ar environment; ribbons approximately 1-3 cm long and approximately 40 lm wide were formed. The as-synthesized ribbons were examined using X-ray diffraction (XRD) and transmission electron microscopy. The details of structural and microstructural characterization of as-synthesized ribbons have been reported earlier [3] . Microhardness measurements of the as-synthesized samples were performed at different loads. The tests were conducted up to the load at which cracks around the indentation impression were observed. The standard diamond-pyramid-shape Vickers indenter with tip edge of approximately 0.5 lm was used. The hardness tester was calibrated using a 700 VHN standard block. The indented samples were further observed under a scanning electron microscope (SEM) for topological characterization. An energy dispersive X-ray analysis (EDX) system coupled with the SEM was employed for the compositional analysis.
Results and Discussion

Microstructural and Structural Features
The rapidly solidified ribbons of Cu-Ga-Mg-Ti and CuAl-Mg-Ti alloys show the formation of ordered and disordered variants of c-brass structures having close similarity with the quasicrystalline phase [3] . Figure 1 along with the other peaks in the XRD pattern reveals that the crystal structure of this alloy is a simple cubic structure and not a common bcc c-brass structure unlike the Cu-Zn system [9] . For the composition determination, a quantitative EDX was performed. Figure 3 It is noteworthy to mention that the formation of nanocrystalline or amorphous state in the rapidly solidified CuAl-Mg-Ti alloy may enhance the ductility and toughness [6, [17] [18] [19] [20] [21] ; hence, it has a possibility for use as a coating material. Keeping in view the fact that the size distribution and volume fraction of fine scale nanophases can significantly alter the physical and mechanical properties of brittle intermetallics [22] , studies on indentation characteristics of these alloys were taken.
Indentation Behavior
The microhardness of the Cu 50 Ga 30 where P is the load (g) and d is the diagonal length in lm.
The mean hardness values of at least five loads are reported here with deviations. Cracks are initiated around the indentation when the applied load exceeds a certain value, e.g., 50 g for the Al-based quasicrystals [24] . Figure 4( Fig. 4 ) at different loads for the assynthesized ribbons of Cu-Ga-Mg-Ti and Cu-Al-Mg-Ti alloys. In addition, Fig. 4(a) , (b) reveals that the indentation impressions are crack free up to 100 g loads for CuAl-Mg-Ti and up to 50 g loads Cu-Ga-Mg-Ti. The nature of indentation cracks for these alloys is depicted in Fig. 5(a), (b) . The absence of cracks around the indented area up to 100 g of load for Cu-Al-Mg-Ti suggests that this alloy has increased resistance to crack propagation as compared to the Cu-Ga-Mg-Ti alloy. Figure 6 (a) shows characteristic hardness versus load curves for the as-synthesized ribbons of Cu-Ga-Mg-Ti and Cu-Al-Mg-Ti alloys, respectively. A notable difference is observed in the indentation behaviors of the alloys.
The hardness values of as-synthesized ribbons of Cu-GaMg-Ti and Cu-Al-Mg-Ti alloys taken at 50 g load are *7.36 and *9.01 GPa, respectively. These are slightly higher than that of Cu-Zr-Al, Cu-Zn-Al, and Cu-Zr-Ti metallic glasses and their composites [7, 11, 25] . The hardness values are lower in comparison with (Al 4 Cu 9 ) 94.5 Cr 5.5 alloy [10] . Table 1 compares the hardness values of Cu-Ga-Mg-Ti and Cu-Al-Mg-Ti alloys with some other known Cu-based alloys. The empirical relationship between the applied load P (in kg) and length of the indentation d (in mm) is called Meyer's law [26] and is given by:
where n is a material constant related to strain hardening of material system, also known as the Meyer exponent. The value for n can be determined from a plot of log P versus log d. The slope gives n, whereas the intercept K relates to a material constant pertaining to the resistance against penetration by the indenter. It is a worthwhile exercise to determine these parameters for the alloys having intermetallic phases and understand their behavior [27] . Such attempts have been made in the past for other systems [22, 27] . Figure 6 (b) shows log P versus log d curves for the as-synthesized ribbons of Cu-Ga-Mg-Ti and Cu-AlMg-Ti alloys. The values of exponent are given in Table 2 . The values of exponent are less than 2, as has been observed for intermetallics [27] . The hardness values permit the calculation of the 0.2% offset yield strength by employing the following relationship [26] :
where r 0 is the 0.2% offset yield strength, VHN is the Vickers hardness number, and n is the Meyer's exponent. The yield strength value for as-synthesized samples using the derived values of n and Eq 3 is given in Table 2 . In the present investigation, it can be inferred that hardness values are less in the case of Cu-Ga-Mg-Ti alloy as compared to Cu-Al-Mg-Ti alloy for the same load condition. The difference in hardness values and indentation characteristics for the two alloys can be understood in terms of structural and microstructural features that melt-spun ribbons possess. The finer microstructure in Cu-Al-Mg-Ti alloy may lead to its high hardness value. Therefore, it is expected that the microstructural variation may be one of the factors responsible for the increase in the hardness value of Cu-Al-Mg-Ti alloy. There are many such observations available in literature to support this assertion [7, 28] . Figure 7 (a), (b) is the scanning electron micrographs of the indentation marks for as-synthesized ribbons of Cu-Ga-Mg-Ti and Cu-Al-Mg-Ti alloys. It should be noted that wavy patterns are observed around the indentation, displaying initiation, and propagation of shear bands. The difference in the formation of shear bands in these alloys should be noted; a higher number of shear bands is observed in the case of Cu-Al-Mg-Ti alloy as compared to that of Cu-Ga-Mg-Ti alloy. The shear bands are less prominent in the case of Cu-Ga-Mg-Ti alloy. This change in the formation of shear bands around the indentation periphery may be attributed to the different microstructures of these melt-spun alloys. It has been suggested that shear bands can operate without deflection when the size of nearby particles is smaller than the shear band width [29] . Shear bands in intermetallics have been reported to approximately 20-30 nm in width [30] . In the present case, for Cu-Al-Mg-Ti alloy, the grain size is in the range 10-20 nm (Fig. 2b) and thus would not significantly affect the formation and propagation of shear bands. Such observations are in agreement with earlier indentation studies on nanomaterials and amorphous phases [29] [30] [31] [32] .
Conclusions
Rapid solidification of Cu-Ga-Mg-Ti alloy shows that the formation of simple cubic c-brass phase of Cu 9 Ga 4 type with grain size varies between 200 and 300 nm. Contrary to this, melt-spun ribbons of Cu-Al-Mg-Ti exhibited the formation of amorphous and nanocrystalline bcc c-brass phase of Cu 9 Al 4 type with 10-20 nm grain size. The hardness values of as-synthesized ribbons of Cu-Ga-MgTi and Cu-Al-Mg-Ti alloys have been found to be *7 and *9 GPa, respectively. These values are comparatively higher than the known values for Cu-based alloys. The high hardness value of the Cu-Al-Mg-Ti alloy can be attributed to the presence of nanocrystalline grains and amorphous phase. The absence of cracks around the indentation area up to 100 g of load for Cu-Al-Mg-Ti alloy suggests that it is better able to resist crack propagation as compared to the Cu-Ga-Mg-Ti alloy.
